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We propose a new collider probe for axion-like particles (ALPs), and more generally for pseudo-
Goldstone bosons: non-resonant searches which take advantage of the derivative nature of their
interactions with Standard Model particles. ALPs can participate as off-shell mediators in the s-
channel of 2 → 2 scattering processes at colliders like the LHC. We exemplify the power of this
novel type of search by deriving new limits on ALP couplings to gauge bosons via the processes
pp → ZZ, pp → γγ and pp → jj using Run 2 CMS public data, probing previously unexplored
areas of the ALP parameter space. In addition, we propose future non-resonant searches involving
the ALP coupling to other electroweak bosons and/or the Higgs particle.
I. INTRODUCTION
Axion-like particles (ALPs) [1, 2], and more generally
pseudo-Goldstone bosons, often appear in extensions of
the Standard Model (SM). They may be connected to
solutions to the strong CP problem [3–19] and/or to the
existence of new spontaneously-broken global symmetries
in Nature. In the following the term ALP will be used
indistinctly to denote all such pseudo-scalars.
ALPs are being searched for at high-energy collid-
ers [20–29], beam dump experiments [30, 31], via their
effects in flavour physics [32–37] and through their astro-
physical signatures [38–41] (see Ref. [42] for a review).
In this work we propose a novel approach to probe
the existence of ALPs at high-energy colliders, namely
non-resonant searches where the ALP is an off-shell me-
diator in the s-channel of 2 → 2 scattering processes.
The ALP pseudo-Goldstone nature implies that its in-
teractions with SM particles are dominantly derivative,
enhancing the cross sections for center-of-mass energies
sˆ  m2a, where ma denotes the mass of the ALP a. In
this kinematical regime, the processes tailored to search
for ALPs at the Large Hadron Collider (LHC) include
those with two SM bosons in the final state: electroweak
gauge bosons (W , Z, γ), gluons g and/or the Higgs par-
ticle h. For ma  100 GeV, the gluon-initiated 2→ 2 di-
boson scattering processes pp (gg) → ZZ, WW , Zγ and
Zhmay be mediated by a virtual ALP, as shown in Fig. 1.
This can also occur for the processes pp (gg)→ jj (gg) or
pp (gg)→ γγ in the regime where a large invariant mass
mjj or mγγ is required in the final state.
The theoretical framework used throughout this work
is the model-independent approach of effective field the-
ories (EFT). If the Higgs particle is considered to be part
of an exact SU(2)L doublet at low energies, as predicted
in the SM, the putative beyond the Standard Model
(BSM) electroweak physics may then be described by
an EFT linear expansion [43, 44] in terms of towers of
gauge invariant operators ordered by their mass dimen-
sion. Alternatively, since a non-doublet component of
the Higgs particle is at present experimentally allowed
(at the ∼ 10% level [45]), a non-linear EFT (also called
chiral) [46–52] based on a momentum expansion is also
possible. In the following we concentrate on the linear
EFT for the SM and an ALP [1, 2, 24], and discuss
when pertinent the comparison with a chiral EFT, no-
tably for the interactions between the ALP and the Higgs
boson [24, 25].
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FIG. 1. Feynman diagrams for the processes gg → ZZ (left)
and gg → Zh (right) via an off-shell ALP in the s-channel.
II. BOSONIC ALP LAGRANGIAN
Linear expansion. In the linear ALP EFT, the new
physics scale to be considered is the ALP decay constant
fa, which will weight down the higher-dimensional opera-
tors built from the SM fields and a. The most general CP-
conserving effective Lagrangian describing bosonic ALP
couplings contains – up to next-to-leading order (NLO)
– only four independent operators [1, 2, 24, 53],
δLeff ⊃ cG˜OG˜ + cB˜ OB˜ + cW˜ OW˜ + caΦOaΦ , (1)
where
OG˜ ≡ −
a
fa
GµνG˜
µν , OW˜ ≡ −
a
fa
W aµνW˜
µν
a ,
OB˜ ≡ −
a
fa
BµνB˜
µν , OaΦ ≡ i∂
µa
fa
Φ†
←→
D µΦ .
(2)
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2Gµν , Wµν and Bµν denote respectively the SU(3)c ×
SU(2)×U(1) field strengths, and the dual field strengths
are defined as X˜µν ≡ 12µνρσXρσ, with ε0123 = 1. The ci
constants are real operator coefficients and Φ denotes the
SM Higgs doublet, with Φ
←→
D µΦ ≡ Φ†
(
DµΦ
)−(DµΦ)†Φ.
The first three operators in Eq. (1) induce physical agg,
aγγ, aγZ, aZZ and aW+W− interactions,
δLeff ⊃ −gagg
4
aGµνG˜
µν − gaγγ
4
aFµν F˜
µν − gaZγ
4
aFµνZ˜
µν
− gaZZ
4
aZµνZ˜
µν − gaWW
4
aWµνW˜
µν , (3)
where
gagg =
4
fa
cG˜ , gaγγ =
4
fa
(
s2w cW˜ + c
2
w cB˜
)
(4)
gaWW =
4
fa
cW˜ , gaZZ =
4
fa
(c2w cW˜ + s
2
w cB˜) (5)
gaγZ =
8
fa
swcw(cW˜ − cB˜) , (6)
and sw and cw denote respectively the sine and cosine
of the Weinberg mixing angle. The Feynman rule for
the interaction aV1V2 (with V1,2 being SM gauge bosons)
stemming from these operators is given by
− i gaV1V2 pρV1pσV2µνρσ . (7)
The last operator in Eq. (2), OaΦ, induces a mixing be-
tween a and the would-be Goldstone boson eaten by the
Z. Its physical impact is best illustrated via a Higgs field
redefinition, Φ→ Φ eicaΦa/fa [1], which trades OaΦ
i
a
fa
[
QYuΦ˜uR −QYdΦdR − LY`Φ`R
]
+ h.c. , (8)
where Yu,d,` denote the SM Yukawa matrices. We focus
in this Letter on experimental signals involving ALPs and
SM bosons (W, Z, γ, g and h), yet we briefly comment on
signatures involving the OaΦ fermionic coupling in Sec.
IV 4).1
Chiral expansion. The operators OG˜, OW˜ and OB˜ in
Eq. (2) also appear in the chiral expansion at NLO. Be-
sides, and at variance with the linear EFT, novel ALP-
Higgs couplings are present in the chiral expansion al-
ready at LO, namely the operator A2D(h) [24] which is
a custodial breaking two-derivative operator with mass
dimension three:
L LOa ⊃ c2DA2D(h) = c2D
[
iv2Tr[TVµ]∂
µ a
fa
F(h)
]
,
(9)
1 A complete –bosonic and fermionic– ALP basis can be obtained
substitutingOaΦ in Eq. (2) by general flavour-changing fermionic
operators e.g. [1, 2, 24, 53]. The physical effects of the latter are
proportional to the Yukawa couplings of the fermions involved.
with v = 246 GeV denoting the electroweak scale as
defined from the W mass, Vµ(x) ≡ (DµU(x)) U(x)†,
T(x) ≡ U(x)σ3U(x)† and U(x) = eiσjpij(x)/v , where
pij(x) correspond to the longitudinal degrees of freedom
of the electroweak gauge bosons and σj are the Pauli
matrices. The physical Higgs particle h is introduced in
the chiral expansion via polynomial functions [54] of h/v,
F(h) = 1 + a2Dh/v + b2D(h/v)2 + O(h3/v3), with a2D,
b2D constant coefficients. A2D is the chiral counterpart
(“sibling”) of the linear operator OaΦ in Eq. (2), with
a key difference: in addition to ALP-fermion couplings
analogous to those in Eq. (8), A2D induces interactions
between the ALP, the electroweak gauge bosons and any
number of Higgs particles, e.g. a trilinear a−Z − h cou-
pling (see Fig. 1). The associated experimental signa-
tures at the LHC will be discussed in Sec. IV 4). Note
that such couplings can be found in the linear expansion
only at NNLO (d = 7) [25, 55], and are thus expected to
yield subleading effects there.
III. NON-RESONANT ALP-MEDIATED
DI-BOSON PRODUCTION
Due to the CP structure of the bosonic ALP inter-
actions in Eqs. (3) and (7), there is no tree-level inter-
ference with SM processes in 2 → 2 di-boson scattering
cross sections. As a result, the LHC sensitivity to ALP
bosonic couplings via gg → a∗ → V1V2 events will be
only quartic, namely proportional to g2agg g
2
aV1V2
. The key
observation is that, due to the derivative nature of the
ALP interactions under discussion, the tree-level scatter-
ing cross sections scale asymptotically with the invariant
mass of the event
√
sˆ = mV1V2 as
σV1V2 ∝ g2agg g2aV1V2 sˆ ∼
sˆ
f4a
, (10)
in the ALP off-shell regime sˆ  m2a,m2Vi (this has been
noted in a different setup in [27]). The same type of en-
ergy behaviour holds for gg → a∗ → Zh through Eq. (9).
Such energy dependence is valid only as far as the ener-
gies probed in the scattering process are smaller than the
cut-off scale of the EFT,
√
sˆ < fa.
The energy growth in Eq. (10) is to be compared with
the energy dependence for a usual 2→ 2 s-channel medi-
ated process, which scales instead as 1/sˆ far above from
the s-channel resonance. Factoring in the proton parton
distribution functions (PDFs), which tame the energy
growth in Eq. (10), the differential cross section for the
ALP-mediated process pp → a∗ → V1V2 diminishes –at
energies much larger than the resonance’s mass– more
slowly with the invariant mass than for a usual s-channel
resonance whose couplings do not depend on the mo-
menta involved. Indeed, the momentum dependence of
the ALP interaction in Eq. (7) significantly smooths out
the decrease of the cross section at large
√
sˆ, allowing to
distinguish ALP-mediated processes from the SM back-
ground, as shown in Fig. 2 for di-jet final states. The
3slope expected for an off-shell ALP signal is seen to dif-
fer significantly from that of the SM background, which
decreases much faster.
It is also illustrative to compare the shape of the s-
channel invariant mass distribution stemming from an
off-shell ALP of negligible mass, with that from a medi-
ator much heavier than the energy region explored, e.g.
a BSM effective “contact interaction”. The latter is also
depicted in Fig. 2, for a dimension six four quark coupling
(Q¯γµQ)2/Λ2, where Q denotes a SM quark doublet and
Λ  √sˆ is the effective theory cut-off. The distinctive
generic patterns of decelerated decrease highlight that it
is possible to distinguish between the presence of a light
ALP and a BSM contact interaction, via the study of
mV1V2 (mjj in the example in Fig. 2) distributions.
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FIG. 2. 13 TeV LHC normalized differential cross section for
di-jet production as a function of the di-jet invariant mass
mjj =
√
sˆ. The signal of an s-channel ALP with ma  mjj
(solid black line) is compared to the SM prediction (blue area)
and a BSM vectorial four-fermion contact interaction (dashed
red line).
A supplementary handle to discern whether a puta-
tive BSM signal would correspond to an ALP is given
by the angular distribution of the final states [56]: the
rich Lorentz structure of ALP couplings in Eq. (7) in-
duces a distinctive angular pattern2 which may be used
to infer the pseudoscalar nature of a. We leave such an
exploration for a future work. Furthermore, other BSM
mediators may differ in that they yield tree-level interfer-
ence with the SM background. For instance a hypothet-
ical scalar pseudo-Goldstone boson s with interactions
sGµνG
µν would result in a sensitivity at order gsgg gsV1V2
in the cross sections.
The non-resonant s-channel ALP signatures explored
in this work have several further attractive features:
2 See e.g. Refs. [57–60] for analogous studies in Higgs physics.
(i) In the regime under discussion with sˆ  m2a, the
signal cross section and distributions are essentially inde-
pendent of the value of ma. This implies that the search
is equally sensitive to any ma significantly below the en-
ergy range probed by the search. In particular, for the
LHC searches considered in Sec. IV, the derived sensi-
tivity can be safely applied to any ALP mass below 100
GeV. (ii) Being a non-resonant process, no hypothesis is
needed on the value of other possible couplings which do
not contribute to the process under consideration. This
is at variance with on-shell analyses, for which the de-
pendence on other ALP couplings may appear through
the partial decay widths.3 In this sense, non-resonant
searches are more model-independent and thus more ro-
bust.
From the theoretical point of view, the ALP couplings
gaV1V2 depend only on the ratio ci/fa (see Eqs. (4)-(6)),
but the value of fa is relevant to assess the validity of
the EFT, which limits the energy range (e.g. bins sat-
isfying
√
sˆ < fa) that can be safely considered in an
LHC search4, and discuss this for specific LHC searches
in Section IV. Another pertinent question is the possible
impact of radiative corrections and of higher dimensional
operators. For the former, self-energy corrections to the
s-channel ALP propagator only become non-negligible
close to the EFT validity boundary, and we do not con-
sider their effect here. Higher dimensional operators, e.g.
those weighted down by the same O(1/f2a ) factor than
the amplitudes discussed above, can also contribute only
at loop level, as fa must intervene as powers of a/fa and
no ALP is present in the final states considered here.
Furthermore, only by engineered fine-tuned cancellations
could such operators impact significantly on the results
of this work.
IV. NON-RESONANT LHC SEARCHES
In this section we derive new limits on gaV1V2 couplings
through the non-resonant ALP-mediated processes dis-
cussed above, using public data from LHC Run 2 (
√
s =
13 TeV) CMS searches. Possible final states to be consid-
ered include gg, ZZ, WW , Zγ, γγ or Zh. While it is of
high interest to explore all of them, since they probe dif-
ferent operator combinations within the EFT, we focus
below on the processes pp → a∗ → ZZ, pp → a∗ → γγ
3 Most present ALP limits based on resonant processes have con-
sidered only one independent gaV1V2 coupling at a time among
the set in Eq. (3) (see e.g. Refs. [21–23, 30, 32]), with some re-
cent analyses considering the simultaneous presence of at most
two independent couplings [26].
4 If the underlying BSM theory were in the weak coupling regime,
and led at one-loop to the operators in Eq. (2), their coefficients
could plausibly be suppressed by an additional αi/(8pi) factor.
This would drastically reduce the set of valid energy bins in LHC
searches. We stick here instead to the general and widespread
definitions in Eqs. (2) and (3).
4and pp→ a∗ → gg. For these channels, the CMS collab-
oration has recently published new results, providing ex-
plicit calculations of the corresponding SM backgrounds.
ALP production in the s channel is dominated by gluon-
gluon fusion, as the qq¯ induced ALP production ampli-
tude is proportional to the quark masses – see footnote
1– and thus highly suppressed. We use the public data to
compute approximate limits on gagg × gaZZ , gagg × gaγγ
and gagg, respectively. In all three analyses, the ALP
mass is fixed to ma = 1 MeV (effectively massless at
LHC energies) and the ALP width Γa  ma.
For the pp → a∗ → ZZ and pp → a∗ → γγ channels,
our sensitivities are estimated from a simplified binned
likelihood ratio analysis. The likelihood function is built
as a product of bin Poisson probabilities
L(µ) =
∏
k
e−(µsk+ bk)
(µsk + bk)
nk
nk!
, (11)
where nk, bk and sk denote respectively the observed
data, SM background and ALP signal prediction in a
given bin k, and the signal strength modifier µ is taken
as the only floating parameter in the likelihood fit (see
Ref. [24] for details), with no systematic uncertainties
considered for simplicity. For the pp → a∗ → gg chan-
nel we perform a χ2 fit to the data including systematic
errors but no bin-to-bin correlations.
Other important search channels are also briefly dis-
cussed below, albeit their analysis is left for the future:
pp→ a∗ → Zγ, pp→ a∗ → Zh (which provides a unique
window into the chiral EFT via the operator A2D in
Eq. (9)) and pp → a∗ → tt¯ (which would yield access
to the operator OaΦ in Eq. (2)).
1) pp→ a∗ → ZZ
The process pp → a∗ → ZZ → ``qq¯ is studied next,
following the semi-leptonic di-boson CMS analysis at
LHC
√
s = 13 TeV with 35.9 fb−1 [61]. We focus on
the “low-mass merged” CMS analysis category target-
ing the invariant mass region mZZ ∈ [450, 2000] GeV,
with one Z boson decaying leptonically, Z → `` and the
other decaying hadronically. The boosted hadronic Z
decay products are required to merge into a single jet,
Z → J . The jet is reconstructed via the anti-kT algo-
rithm with R = 0.8 (AK8). Our signal process is simu-
lated in MadGraph aMC@NLO [62], with a subsequent par-
ton showering and hadronization with Pythia 8 [63] and
detector simulation via Delphes 3 [64], including the use
of jet-substructure variables as discussed in detail in Ap-
pendix A1. Following Ref. [61], the analysis is divided
into b-tagged and untagged categories, targeting respec-
tively the Z → bb¯ and Z → qq¯ (with q = u, d, s, c) decays.
The b-tagging of the merged jet J provides a strong back-
ground suppression, yielding a further increase in sensi-
tivity.
As an illustration of the impact of the derivative na-
ture of ALP interactions, the
√
s = 13 TeV cross-section
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FIG. 3. m``J distributions for the ALP ZZ signal with ci = 1,
fa = 2 TeV (dashed black line) and SM background from Z+
jets (yellow), ZV (red) and tt¯ (cyan) after CMS event selec-
tion, in the untagged (top) and b-tagged (bottom) categories.
The experimental data are shown as black dots.
σ(pp → a∗ → ZZ) for cG˜ = cW˜ = cB˜ = 1 and fa = 1
TeV is 81 pb. The CMS event selection is discussed in
detail in Appendix A1. Fig. 3 shows the invariant mass
m``J distribution resulting for the signal after the CMS
event selection, for ci = 1 and fa = 2 TeV (correspond-
ing to the largest value of m``J in the CMS analysis),
together with the SM background publicly available in
Ref. [61] (and dominated by Z+ jets), both for the un-
tagged (top plot) and b-tagged (bottom plot) categories.
A binned likelihood analysis of the m``J distribution af-
ter CMS event selection combining the untagged and b-
tagged categories is then performed, which allows to set
a 95% C.L. exclusion limit on the signal cross section of
σ = 25 fb. This corresponds to fa > 4.1 TeV for ci = 1,
and is valid for any value of the ALP mass up ma ∼ 200
GeV without significant modifications of the signal prop-
erties. Note that, since the “low-mass merged” CMS
analysis uses data up to mZZ = 2 TeV, our derived limit
on fa for ci = 1 lies within the region of validity of the
5EFT. In Fig. 4 (top) the corresponding new limit on gaZZ
(see Eq. (5)) resulting from our non-resonant analysis is
depicted as a hatched area, for a fixed value g−1agg = 1
TeV.
For comparison, Fig. 4 depicts previous bounds in the
literature for gaZZ which also assume the additional pres-
ence of gagg, albeit obtained from on-shell ALP searches.
For ma . 0.1 GeV, the ALP is stable on LHC scales,
resulting in constraints on gaZZ from mono-Z searches
(in violet), see Ref. [24]. The radiative (2-loop) contribu-
tion of gaZZ to gaγγ allows to obtain further constraints
for certain ranges of ALP masses for which strong con-
straints on gaγγ exist (see the discussion in Refs. [25, 69]).
For ALP masses below the GeV scale, limits on gaZZ
are thus set by beam dump searches (in yellow) [70–
72] (we adapt here the compiled bounds from Ref. [30]),
and by energy-loss arguments applied to the supernova
SN1987a [40, 41] (in blue), both through absence of ex-
tra cooling (labelled “length” in Fig. 4) and through ab-
sence of a photon burst from decaying emitted axions
(labelled “decay” in Fig. 4). Furthermore, the radiative
contribution to gaγγ from gaZZ is also constrained by
LHCb [73] (see Ref. [33]) in the small region 4.9 GeV
< ma < 6.3 GeV (in dark grey) and by ATLAS/CMS
searches for γγ resonances (in red) for ma > 10 GeV (we
adapt here the bounds from Refs. [20, 26]). We stress
that the latter limits are from LHC Run 1 (
√
s = 7 and
8 TeV), and as such
√
s = 13 TeV Run 2 analyses should
significantly improve on those. Next, although LHC tri-
boson searches for ma  100 GeV have yielded very
weak constraints [28], the radiative contribution of gaZZ
to gaγγ provides as well sizeable constraints. We do not
include here, though, the expected tree-level bounds on
gaZZ from ZZ resonance searches by ATLAS and CMS
(e.g. from Ref. [61]) for ma > 200 GeV. To our knowl-
edge, these have not yet been obtained and are com-
plementary to the non-resonant search presented in this
work. The study of such ZZ resonant searches is left for
a forthcoming work [74].
2) pp→ a∗ → γγ
Non-resonant ALP searches are also possible for final
states to which a light ALP could decay, such as γγ, by
selecting events with a large invariant mass mγγ  ma.
The recent CMS search for non-resonant new physics
in γγ final states [75] with 35.9 fb−1 of 13 TeV LHC
data is used here. In analogy with the previous sec-
tion, we simulate the signal process pp → a∗ → γγ with
MadGraph aMC@NLO, Pythia 8 and Delphes 3, obtaining
a signal cross-section σ(pp → a∗ → γγ) = 47 pb for
cG˜ = cW˜ = cB˜ = 1, fa = 1 TeV with the initial require-
ment mγγ > 500 GeV. The subsequent CMS event selec-
tion applied here is detailed in Appendix A2, with the
main SM backgrounds [75] being γγ and γ + j (with the
jet j mis-identified as a photon). After the event selec-
tion, we perform a binned likelihood analysis of the mγγ
distribution for the two selection categories discussed in
Appendix A2 according to the rapidity of the photons.
This leads to a combined 95% C.L. observed exclusion
limit on the signal cross section of σ ' 1.2 fb. This
limit corresponds to fa > 14.2 TeV for ci = 1, which
we find to be valid up to ma ∼ 200 GeV without signifi-
cant modifications of the signal properties. The resulting
bound on gaγγ is depicted in Fig. 4 (bottom) for g
−1
agg = 1
TeV as a hatched area. Bounds from resonant searches
at the LHC, beam dump experiments and astrophysical
constraints (supernova SN1987a) are also shown, see Sec.
IV 1) for details. For comparison, the figure also shows
bounds from resonant searches by BaBar [76] (in dark
grey) (as obtained from Ref. [33]), from L3 [77] (in cyan),
as well as from LEP searches (in green) for new physics in
e+e− → 2γ, 3γ processes (see Refs. [21, 22] for a detailed
discussion). Regarding the latter, Refs. [21, 22] assume
a vanishing gluonic coupling gagg, and thus apply in our
case only for ma < 3mpi; for ma > 3mpi the ALP can
decay into hadronic final states in the presence of a non-
vanishing gagg coupling, which could significantly weaken
the LEP bounds, and we refrain to claim an exclusion in
that region. We also do not include here projected lim-
its on gaγγ from light-by-light scattering at the LHC in
proton-proton [27] and Pb-Pb collisions [23] (the latter
is also significantly weakened in the present scenario by
the presence of gagg), as they are not competitive with
the search presented here.
3) pp→ a∗ → gg
As discussed previously, the gluonic coupling gagg can
be constrained independently, using di-jet searches at the
LHC. The 13 TeV CMS search on di-jet angular distribu-
tions [78] is taken into account in this work. The details
of our selection procedure are given in Appendix A3. A
95% C.L. exclusion limit fa > 2.5 TeV for cG˜ = 1 fol-
lows from the analysis. Note that this limit is weaker
than the benchmark value g−1agg = 1 TeV used in Fig. 4
(corresponding to fa/cG˜ = 4 TeV), as it should be. This
bound is to be taken only as a qualitative estimate, as
the analysis uses data in the 2.4 to 3 TeV range, and thus
in the limit of validity of the EFT.
4) Further non-resonant ALP searches
(i) pp→ a∗ → Zh. This process yields a powerful probe
of the chiral EFT through the operator A2D in Eq. (9).
For Z → `` and h → b¯b this signature is similar to that
analyzed in Sec. IV 1) for the b-tagged category, since
the process pp → a∗ → Zh has similar m``J kinemat-
ics and expected cross section than pp → a∗ → ZZ, for
c2D ' cW˜ , cB˜ . This suggests that the analysis performed
above could be adapted to probe very efficiently the ALP-
mediated Zh signal. Furthermore, there are several ad-
vantages in performing a dedicated Zh search along the
lines of Ref. [61]: the SM background distribution for the
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FIG. 4. Top: Bounds on the ALP coupling gaZZ as a func-
tion of ma. The hatched region corresponds to the limit from
non-resonant LHC searches derived in this work using CMS
di-boson data [61]. Also shown are limits from LHC mono-
Z searches (violet), beam-dump experiments (yellow), super-
nova SN1987a (blue), LHCb (dark grey) and LHC resonant
γγ searches (red), see text for details. Bottom: Bounds on
the photonic couplings gaγγ , with color code as for the top
figure. Limits from BaBar (dark grey), L3 (cyan) and LEP
(green) are also depicted, see text for details.
merged jet mass mJ is smaller around mh than around
mZ (as shown in Ref. [61]), and the SM backgrounds af-
ter the CMS event selection are significantly smaller in
the b-tagged category, as shown in Fig (3); iii) h decays
dominantly to b¯b.
(ii) pp→ a∗ → tt¯. This channel allows to probe the
ALP-fermion couplings induced by the operator OaΦ in
the ALP Linear EFT. Because the amplitude of any phys-
ical ALP-fermion coupling is proportional to the fermion
Yukawa couplings (see Eq. (8) and footnote 1), ALP pro-
duction via gluon fusion with tt¯ in the final state is an
optimal channel which deserves detailed future study.5
(iii) pp→ a∗ → Zγ. This channel provides a key com-
plementary probe to the ZZ and γγ searches discussed
in Sec. IV 1) and 2), given its clean signature. The non-
resonant analysis of this channel using public informa-
tion (e.g. from Ref. [79]) requires however further as-
sumptions w.r.t. the ZZ and γγ analyses. The study of
ALP-mediated Zγ signatures is thus left for a forthcom-
ing work [74].
V. CONCLUSIONS & OUTLOOK
In this work we have proposed a new approach to probe
the existence of ALPs (and more generally of pseudo-
Goldstone bosons), via non-resonant searches at the LHC
where the ALP can be produced as an s-channel off-shell
mediator. The search takes advantage of the derivative
nature of the ALP interactions with SM particles. Using
CMS 13 TeV public data, we have derived new limits
on ALP couplings to SM gauge bosons via the processes
pp → ZZ, pp → γγ and pp → jj (gg). These provide
the most stringent bounds on ALPs over a wide region of
masses in the presence of an ALP-gluonic coupling gagg,
and have the advantage of being equally sensitive to light
ALPs with masses up to the kinematical energy scale of
the LHC analyses considered ∼ O(100) GeV. Possible
extensions of the analysis to other final states such as Zγ,
Zh and fermionic final states (tt¯) have been discussed as
well, altogether highlighting the power of non-resonant
searches for ALPs at colliders.
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Appendix A: Details on LHC analyses
1. CMS ZZ [61]. The analysis requires the leading (sub-
leading) lepton from the event to have pT > 40 (30) GeV
and |η| < 2.1 (2.4), and the invariant mass of the di-
lepton pair is required to fall within 70 GeV < m`` < 110
GeV and have p``T > 200 GeV. In addition, the “low-
mass merged” category contains an anti-kT jet with a
large radius R = 0.8 (AK8) and pJT > 200 GeV. The
merged jet mass is required to be in the range 65 GeV
< mJ < 105 GeV. The analysis further makes use of
the information on the subjettiness variables τ1 and τ2
for the reconstructed AK8 jet to build τ21 = τ2/τ1 [80].
The τ21 distribution for the signal (from Delphes 3), SM
backgrounds and experimental data (obtained from [61])
which pass the above selection criteria is shown in Fig. 5
for the combination of untagged and b-tagged selection
categories, and the CMS event selection then requires
τ21 < 0.4 for the AK8 merged jet. Overall, the CMS
analysis translates into an average ALP signal selection
efficiency of ∼ 8%.
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FIG. 5. τ21 differential distribution for the ALP ZZ signal
obtained with Delphes 3 (dashed black line), together with
the main SM backgrounds and experimental data from [61],
after CMS event selection (without the τ21 < 0.4 cut).
2. CMS γγ [75]. The analysis requires two photons with
pT > 75 GeV each, an invariant mass mγγ > 500 GeV
and a distance ∆Rγγ > 0.45. One of the photons has to
be detected in the electromagnetic calorimeter (ECAL)
barrel (EB) region, corresponding to |η| < 1.44. The
other photon can either be detected in the EB region or
in the ECAL endcap (EE) region, 1.57 < |η| < 2.5, re-
spectively defining two distinct analysis regions (labelled
EBEB and EBEE) for the search. The CMS reconstruc-
tion efficiency for EB (EE) photons in the signal region
is approximately 0.90 (0.87) [75]. We find the CMS anal-
ysis yields an average ALP signal selection efficiency of
∼ 72% for a signal sample with mγγ > 500 GeV. The
di-photon invariant mass mγγ distribution after event se-
lection for the ALP signal (with cG˜ = cW˜ = cB˜ = 1 and
fa = 5 TeV) and SM backgrounds is shown in Fig. 6 for
the EBEB (top) and EBEE (bottom) categories. Com-
bining both EBEB and EBEE categories we obtain an
observed 95% C.L. exclusion limit of fa > 14.2 TeV for
ci = 1, quoted in Sec. 4.2.
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FIG. 6. mγγ distributions for the ALP γγ signal with ci = 1,
fa = 5 TeV (dashed black line) and SM background from γγ
(light blue) and γ+ jets (dark blue) after CMS event selec-
tion, in the EBEB (top) and EBEE (bottom) categories. The
experimental data are shown as black dots.
3. CMS di-jet [78]. The analysis selects two R = 0.4
anti-kT (AK4) jets with |ηj | < 2.5, pjT > 200 GeV, mjj >
82.4 TeV and also imposes angular cuts on the di-jet sys-
tem, yboost = (y
j
1 + y
j
2)/2 < 1.11 (where y
j
1,2 denote the
rapidities of the two jets) and χjj = exp(|yj1 − yj2|) < 16.
The analysis is restricted in this work to the first invari-
ant mass bin considered in Ref. [78], mjj ∈ [2.4, 3.0] TeV.
After event selection, the CMS analysis provides the nor-
malized χjj distribution for the experimental data and
for the SM background prediction. We computed the nor-
malized ALP χjj distribution after CMS events selection
using MadGraph aMC@NLO, Pythia 8 and FastJet [81].
A χ2 fit to the data was performed next, using a lin-
ear combination of the normalized QCD background and
ALP signal, with relative weights (1− q) and q, respec-
tively. The procedure results in a 95% C.L. exclusion
limit on the ALP signal weight q < 0.015, which trans-
lates into a limit fa > 2.5 TeV for cG˜ = 1. Fig. 7 shows
the normalized χjj distribution in the invariant mass bin
mjj ∈ [2.4, 3.0] TeV, after the CMS event selection for
the QCD background (with its theoretical uncertainty),
as well as a combination of the ALP signal weighted by
q = 0.0366 (corresponding to fa/cG˜ = 2 TeV) and the
QCD background weighted by 1− q = 0.9634.
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FIG. 7. Dijet differential distribution as a function of the an-
gular variable χjj in the bin with dijet invariant masses 2.4
TeV - 3.0 TeV. The dotted black line corresponds to the QCD
SM background (with its theoretical uncertainty shown as a
grey band). The dashed red line corresponds to a normal-
ized combination of the ALP signal (weighted by q = 0.0366,
corresponding to fa/cG˜ = 2 TeV) and the QCD background
(weighted by 1 − q). The experimetal data from the CMS
di-jet analysis [78] are shown in black. The SM background
and experimental data have been taken from HEPDATA [82].
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